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Abstract The tomato (Ly coper sicon esculentum) high- 
pigment {hp) locus was originally described as having 
enhanced fruit-quality characteristics and has also been 
shown to regulate responses to light during growth and 
development. Specifically, the hp phenotype suggests 
that the normal HP gene-product serves as a negative 
regulator of light signal-transduction, as has been pro- 
posed for many of the previously described Arabidopsis 
thaliana photomorphogenic mutants. Consequently, hp 
represents a tool for both genetic dissection of light 
signal-transduction and manipulation of fruit quality 
in tomato. As a first step toward isolation of the HP 
gene, the hp locus was mapped to tomato chromosome 
2, adjacent to the 45s rDNA locus, using DNA markers 
and an interspecific cross of L. esculentum x L. chees- 
mannii. We have simultaneously identified DNA 
markers which may be useful for gene isolation and 
marker-assisted selection. We have additionally 
extended characterization of the hp phenotype to 
demonstrate increased sucrose and flavonoid accumu- 
lation in ripe hp/hp fruit. Analysis of plastid DNA copy 
number relative to genomic DNA content indicates 
that the hp locus regulates plastome DNA concentra- 
tion, and possibly plastid number, in response to light. 
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Introduction 

The transition from green to red color, characteristic of 
ripening tomato fruit, is due largely to the transition of 
choroplasts to chromoplasts as photosynthetic mem- 
branes are disrupted, chlorophyll is degraded, and 
carotenoids including jS-carotene and lycopene accu- 
mulate (Grierson 1985). The regulation of carotenoid 
biosynthesis during ripening has been shown to be due 
at least in part to ripening-related and ethylene-in- 
ducible gene expression (Bird et al. 1991; Gray et al. 
1994). While numerous tomato mutants altered in pig- 
ment accumulation have been reported (Rick 1980), few 
which result in enhanced carotenoid accumulation 
have been identified. Exceptions include the crimson 
(og c ) mutation which confers elevated lycopene accu- 
mulation at the expense of /J-carotene, resulting in 
dark-red fruit but with little change in levels of total 
carotenoids (Thompson et al. 1962). In contrast, the 
recessive high-pigment (hp) mutation results in in- 
creased accumulation of both lycopene and /^-carotene 
during fruit development in addition to heightened 
levels of chlorophyll in leaves and green fruit (Wann 
et al. 1985). A second mutation, similar in phenotype to 
hp and termed hp-2, was described by Soressi (1975) 
and has recently been demonstrated to be non-allelic 
with hp (van Tiunen et al. 1997). 

In addition to the alteration of fruit and foliar 
pigmentation, tomato seedlings homozygous for the 
mutant hp allele demonstrate an exaggerated photo- 
morphogenic de-etiolation response (Peters et al. 1989). 
In short, hp/hp seedlings are characterized by the inhi- 
bition of hypocotyl elongation and intense an- 
thocyanin pigmentation, relative to seedlings of 
a normal near-isoline, with maximal phenotypic ex- 
pression in response to red light (Peters et al. 1992). 
Tomato seedling de-etiolation is a phytochrome (red- 
light) response which can additionally be accelerated 
by blue light, suggesting that hp may influence 
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phytochrome and blue-light receptor action or 
signal transduction. Over-expression of oat phyto- 
chrome A in tomato resulted in a phenotype similar to 
that observed in the hp mutant (Boylan and Quail 
1989). Furthermore, Peters et al. (1992) showed 
that the hp phenotype was repressed when associated 
with the phytochrome-deficient aurea (au) mutant, 
confirming the role of hp in phytochrome responses. 
Quantitation of phytochrome levels in normal and 
hp/hp seedlings indicates that the amplified phyto- 
chrome responses observed in the hp mutant occur in 
the context of normal phytochrome concentration and 
stability, suggesting that the normal HP gene product 
acts as a negative regulator of phytochrome signal- 
transduction in tomato (Adamse et al. 1989; Peters 
et al. 1992). 

In recent years, the model plant genetic system Ara- 
bidopsis thaliana has emerged as a valuable source of 
genetic information for light signal-transduction in 
plants. While a number of distinct plant photoreceptors 
have been identified, most wavelengths of light appear 
to have some overlapping transduction-pathway com- 
ponents in Arabidopsis (Chory 1993; Quail 1994). As 
such, numerous light responses are affected in each of 
the det, cop, and hy mutants (reviewed in Chory 1993; 
Deng 1994; Quail 1994; Kowk et al. 1996). The det 
(de-etiolated) and cop (constitutively photomorphogenic) 
mutants possess normal levels of phytochrome and 
display normal de-etiolation whether germinated in 
complete darkness or in the light (Quail et al. 1995). 
The hy5 mutant is defective in blue-, red- and far-red- 
light-controlled responses suggesting a genetic lesion in 
a signal-transduction component common to all three 
light regimes and involving multiple photoreceptors 
(Koornneef et al. 1980). A number of mutants repressed 
in light response have been shown to represent lesions 
in the accumulation of specific photoreceptors (hy3, 
hy4, hy8; Somers et al. 1991; Ahmad and Cashnore 
1993; Parks and Quail 1993; Reed et al. 1993), while 
others represent steps in associated chromophore bio- 
synthesis (hyl, hy2; Parks and Quail 1991). Neverthe- 
less, the majority of the remaining mutations have been 
hypothesized to represent genes which function as 
negative regulators of light signalling in Arabidopsis 
(Chory 1993; Bowler and Chua 1994; Quail 1994; Wei 
et al. 1994). 

A number of genes corresponding to mutant Ara- 
bidopsis light-signalling loci have been isolated. COP1 
protein demonstrates dark-dependent nuclear localiza- 
tion (von Arnim and Deng 1994) and serves as a repres- 
sor of photo-morphogenesis (McNeills et al. 1994). 
COP9 and COP11 are components of a multi-subunit 
complex which regulates nuclear localization of COP1 
in the dark (Chamovitz et al. 1996). DET1 also exhibits 
nuclear localization but has not been shown to be 
light-regulated (Pepper et al. 1994). While these 
interactions may give some insight into the relative 
regulatory hierarchy among some of the geneti- 



cally defined light-signalling components, specific 
mechanisms of light signal-transduction remain poorly 
understood. 

In tomato, red light alone is sufficient to stimulate 
anthocyanin synthesis and de-etiolation in seedlings, 
although blue light can also accelerate this process. 
In Arabidopsis, however, both red and blue light are 
necessary for de-etiolation of seedlings (Koornneef 
and Kendrick 1994), suggesting: (1) specific mecha- 
nisms for light induction of plant developmental 
process, and/or (2) specific effects or targets of a com- 
mon regulatory system, which may have diverged 
among species (Mohr 1994). 

Complete characterization of the hp phenotype, in 
addition to eventual isolation and characterization of 
the corresponding normal and mutant alleles of the HP 
gene, will further our understanding of light signal- 
transduction in plants and will provide a starting point 
for comparative analysis of signal-transduction mecha- 
nisms, and/or evolved use of conserved mechanisms, 
among plant species. As initial steps toward the isola- 
tion and more complete biochemical and functional 
characterization of the HP gene, we have analyzed 
fruit-flavonoid and sugar accumulation and have ob- 
served significant variations in the presence of hp. In 
addition, plastome DNA copy number increases sev- 
eral fold in the presence of hp as compared to nearly 
isogenic controls. 

Finally, we have localized the hp locus to tomato 
chromosome 2 using a combination of RAPD and 
RFLP markers. Precise chromosomal localization will 
permit us to test for linkage with tomato homologues 
of Arabidopsis light signal-transduction genes and, ad- 
ditionally, represents the first step in gene isolation 
based on either map position or heterologous trans- 
poson tagging, should hp prove to be novel. Eventual 
isolation of the HP gene will facilitate analysis of the 
mechanisms of light signal-transduction in tomato and 
permit comparative analysis with additional plant 
species, including Arabidopsis. 



Materials and methods 

Plant material and phenotypic scoring 

Seeds from normal tomato (Lycopersicon esculentum) CV Ailsa 
Craig and a line nearly isogenic and homozygous for the high- 
pigment (hp) mutation were obtained from the Glasshouse Crops 
Research Institute (Littlehampton, UK). Seeds from the wild tomato 
relative Lycopersicon cheesmannii (accession No. LA483) were kind- 
ly provided by C. Rick (University of California, Davis, USA). An 
F 2 population was generated by selfing progeny resulting from 
a cross between L. esculentum (hp/hp) and L. cheesmannii (Hp/Hp). 
All F 2 seedlings were germinated at 20°C in the dark for 7 days and 
then transferred to a 12-h white light/ 12-h dark cycle for the next 
7 days. Seedlings were scored as either normal (Hp/-; light-colored 
elongated hypocotyls) or mutant (hp/hp; short purple hypocotyls), 
transplanted to 8-inch pots, and grown to maturity under standard 
greenhouse conditions. F 3 seed was extracted and germinated, as 
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above, to both confirm the F 2 phenotype and distinguish Hp/Hp 
from Hp/ hp individuals. 

Normal "Breaker plus 7 d" fruit are red ripe fruit harvested 7 days 
after the first signs of color development. Fruits from normal and 
mutant genotypes were tagged at anthesis, and mutant fruit was 
harvested at the same time as the corresponding normal fruit of the 
same age. No significant alterations in time-to-onset or duration-of- 
ripening were observed between Hp/ Hp and hp/ hp fruit. 



tomato chromosomes 2 and 12 (Tanksley et al. 1992). The "group", 
"compare", and "ripple" commands were utilized, respectively, to 
verify the order of markers in our cross. Additional RFLPs derived 
from RAPD markers, and RAPD markes which were not polymor- 
phic as RFLPs and thus scored only as RAPDs, were added to the 
map using the "try" and "ripple" commands, respectively. 
CentiMorgan distances were calculated using the Kosambi (1944) 
function. 



Isolation and hybridization of nucleic acids 

Procedures for both genomic DNA extraction from expanding 
tomato leaves and DNA get-blot hybridization were performed as 
described previously (Tanksley et al. 1992; Fulton et al. 1995). 
Alkaline DNA gel-blotting was as described by the supplier of the 
nylon membrane employed (Hybond-N + , Amersham). High-strin- 
gency hybridizations were for 36 h at 65°C in 5 x SSC, 0.5% (w/v) 
SDS, 50mM Na-P (pH 7.5), and 5 x Denhardt's solution, and were 
followed by 20-min 65°C washes in first 2 x SSC, 0.1% (w/v) SDS, 
then 1 x SSC, 0.05% (w/v) SDS, and finally 0.5 x SSC, 0.05% (w/v) 
SDS. Identification of RFLPs was as described by Tanksley et al. 
(1992), including additional restriction endonucleases as in Yen et al. 
(1995). Restriction enzymes yielding RFLPs were used to digest 
genomic DNA extracted from individual members of segregating 
populations for subsequent linkage analysis. 



Bulked -segregant analysis 

Two DNA pools ("mutant" and "normal") nearly isogenic for the hp 
locus region were constructed from segregating F 2 progeny as de- 
scribed by Giovannoni et al. (1991) except that the target locus itself 
(as in Michelmore et al. 1991), in addition to flanking RFLP loci, 
was considered for inclusion in a particular pool. Genomic DNA 
(5 ug) from each of six hp/hp F 2 individuals was combined to gener- 
ate the mutant DNA pool, whereas DNA from four Hp/ Hp F 2 
individuals was used to generate the normal DNA pool. All pool 
members were derived from the F 2 population described above. 
Three-hundred random 10-base primers (Operon Technologies, 
Alameda, Calif.) were individually tested in the amplification of 
10—20 ng of each pooled DNA template under previously described 
conditions (Giovannoni et al. 1991). 



Cloning and amplification of RAPD markers 

Linkage of polymorphic RAPD PCR products was verified via 
amplification of individual pool members as described previously 
(Giovannoni 1991). DNA bands representing sequences putatively 
linked to the hp locus were then excised from agarose gels, purified 
(GeneClean II; Bio 101, Vista, Calif.), and cloned into the PCR- 
product cloning vector pGEM-T as described by the supplier 
(Promega, Madison, Wis.). Cloned inserts were amplified using 
vector- specific primers (M13F, M13R universal primers) and separ- 
ated from un-incorporated nucleotides via passage through 
a sephadex G-50 (Sigma, USA) spin column constructed from a 1-ml 
syringe. Radiolabeling was performed using the random hexamer 
method as described by Feinberg and Vogelstein (1983). 



Genetic linkage analysis 

F 2 seed segregating for the hp and RFLP loci was generated from the 
cross L. esculentum (hp/hp) x L. cheesmannii (Hp/Hp). Genetic link- 
age analysis was performed using MapMaker software (Lander et al. 
1987). All RFLP markers used had been localized previously to 



Chromosome-2 DNA marker-loci RFLP identification 

Twenty one DNA marker loci spanning tomato chromosome 2 were 
used as hybridization probes to identify RFLPs which could be 
mapped in the F 2 population segregating for hp. L. esculentum 
(hp /hp) and L. cheesmanii (Hp/ Hp) genomic DNAs were digested 
with 35 different restriction endonucleases, separated by agarose-gel 
electrophoresis, transferred to nylon membranes (Hybond N + , 
Amersham) and hybridized with radiolabeled DNA marker probes. 
Eleven chromosome-2 markers yielded mappable polymorphisms 
with the indicated enzymes: namely, CT196 (EcoRI), CT205 (Hindi), 
CT255 (EcoRV), TG165 (EcoRV), TG276 (Bstol), TG290 (Bstol), 
TG293 (HaelU), TG462 (Bstol), TG522 (EcoKI), TG582 (Dral), 
45s rDNA (Dral). 



Extraction and quantification of fruit flavonoids 

Flavonoid glucoside extraction and HPLC analysis was described in 
Hertog et al. (1992) except that hydrolysis of extracted compounds 
was modified according to Lee et al. (1995). Known concentrations 
of purified quercetin, luteolin and kaempferol (Sigma, USA) were 
used as standards. 



Extraction and quantitation of fruit sugars 

Glucose, fructose, and sucrose extraction and quantitation were as 
described in Howard et al. (1994) using HPLC and known concen- 
trations of glucose, fructose, and sucrose (Sigma, USA) as standards. 



Results 

Genetic analysis of a population segregating for 
hp and DNA marker loci 

The hp locus was originally assigned to the short arm of 
tomato chromosome 12 (Kerr 1979). However, data 
sufficient for specific localization relative to other mor- 
phological markers in this linkage group were not 
available (Rick 1980). In an attempt to confirm and 
localize the hp locus, a population segregating for hp 
and RFLP marker loci was generated. L. esculentum (cv 
Ailsa Craig, hp/hp) and L. cheesmannii (accession 
LA483, Hp/Hp) were crossed to generate hybrids 
which were subsequently selfed to create an F 2 popula- 
tion segregating for hp and RFLP loci. Initially, 37 
progeny were grown to maturity and F 3 seed was 
extracted from corresponding ripe F 2 fruit. An addi- 
tional 1379 F 2 individuals were germinated in the dark 
at 20°C for 7 days and then transferred to a 12-h 
light/ 12-h dark cycle for 7 additional days at 20°C. 
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Fig. la— d Tomato fruit and 
seedling phenotypes of L. 
esculentum normal ( + / + ) and 
mutant (hp/ hp) individuals of 
the cultivar Ailsa Craig, (a) 
Immature green fruit, (b) 
mature green fruit, (c) red ripe 
fruit (Breaker + 7 days), (d) 
seedlings grown 7 days in the 
dark followed by 7 days in 
a 12-h light/12-h dark cycle 




Seedlings were scored for hp phenotype based on the 
intensity of anthocyanin pigmentation (Mochizuki and 
Kamimura 1985) as shown in Fig. Id. 

Nine of the original 37 F 2 s were scored as hp based 
on an analysis of F 3 seed (consistent with a single-locus 
recessive trait: y 2 = 0.0067; P > 0.9). Although we were 
less confident in direct scoring of F 2 seedlings and 
observed an error rate of approximately 9% (see be- 
low), 371 of the 1379 germinated were scored as hp (345 
expected). 175 of the 371 putative hp/hp F 2 s were grown 
to maturity resulting in 151 individuals which yielded 
sufficient seed for F 3 confirmation of the F 2 genotype 
at the hp locus. Twenty F 3 seed from each F 2 individual 
were germinated for 7 days in the dark followed by 
7 days in the light, as described above; 138 hp /hp 
(anthocyanin accumulation in all F 3 seedlings) and 13 
Hp/hp (segregating 1 : 1 for anthocyanin accumulation) 
individuals were identified. Consequently, a total of 188 
F 2 progeny, which were genotypically confirmed in the 
F 3 generation, were used for the construction of a link- 
age map of the region encompassing the hp locus. 



Linkage analysis with chromosome-12 markers 

Because hp was originally assigned to tomato chromo- 
some 12 (Kerr 1979), low- or single-copy RFLP mar- 
kers spanning the length of this linkage group, and 
separated on average by 5-20 cM, were selected for 
initial linkage analysis with hp (Tanksley et al. 1992; 
CT19A, CT79, CT80B, CT211A, TG28, TG68, TG180, 
TG360, TG394 and TG473). Mappable polymor- 
phisms between the parents of the F 2 population (L. escu- 
lentum and L. cheesmannii) were determined by DNA 
gel-blot analysis (employing seven restriction endo- 
nucleases; Bglll, Bstol, Dral, EcoRI, £coRV, Haelll, 
Hindlll). All ten RFLP markers were then scored in 
a subpopulation of 75 F 2 progeny genotyped for the hp 
locus via the analysis of F 3 seedlings. The relative 
positions and genetic distances separating chromo- 
some-12 markers were determined as described by 
Lander et al. (1987) and resulted in an order of loci 
identical to that reported previously (data not shown; 
Tanksley et al. 1992). Recombination frequencies were 
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generally similar, though not identical, to those de- 
scribed by Tanksley et al. (1992) for a F 2 population 
derived from the cross L. esculentum x L. pennellii (data 
not shown), hp did not demonstrate significant linkage 
to any of the chromosome- 12 markers and conse- 
quently could not be placed in the chromosome- 12 
linkage group (data not shown). This result indicated 
that hp is likely to reside in a linkage group other than 
that corresponding to chromosome- 12. 



Isolation of RAPD markers linked to hp 

Bulked-segregant analysis (Michelmore et al. 1991) was 
performed in an attempt to identify and isolate DNA 
(RAPD) markers linked to the hp locus. Once identi- 
fied, RAPD markers could then be cloned and utilized 
as RFLP probes with the mapping population of 



Fig. 2a, b BSA analysis for the 
identification of DNA markers 
linked to hp. (a) hp/hp (+) and 
Hp/Hp (— ) pools were 
amplified with unique random 
10-mers (a—k). The arrow 
indicates a polymorphism 
resulting from amplification 
with primer "a" specific to the 
Hp I Hp pool. We have 
designated this allele as 
RAPDhp-11; (b) individual 
normal and mutant pool 
members were amplified with 
primer "a" and only members 
of the "normal" pool contain 
the amplifiable RAPDhp-11 
allele, suggesting linkage to the 
hp locus 



Tanksley et al. (1992) to determine linkage to a specific 
tomato chromosome. Similar approaches have been 
used to map numerous loci of scientific and agricultural 
importance, including several involved in tomato fruit 
development (Giovannoni et al. 1991; Yen et al. 1995). 

Genomic DNA from six homozygous Hp/Hp (nor- 
mal) and four homozygous hp/hp (mutant) individuals 
from the hp F 2 population was isolated and combined 
to form "normal" and "mutant" DNA pools, respec- 
tively. The "normal" and "mutant" genomic DNA 
pools were utilized as templates for RAPD amplifica- 
tion as described previously (Giovannoni et al. 1991; 
Martin et al. 1991). A total of 300 random 10-mers 
(Operon Technologies) were screened for amplification 
polymorphisms potentially linked to hp (Fig. 2a). 
Primers which yielded reproducible amplification 
polymorphisms were employed to amplify genomic 
DNA derived from individual pool members for con- 
firmation of linkage to hp (Fig. 2b). RAPD primers 



abcdefghijk 
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Table 1 Summary of RAPDs and linkage distance from hp 



Marker 


Distance from hp 


RAPDhp-7 


1.6cM 


RAPDhp-10 


4.6 cM 


RAPDhp-11 


14.6 cM 



whose corresponding amplification patterns were con- 
sistent with linkage to hp in at least 8 of the 10 pool 
members were then utilized in the amplification of 
genomic DNA isolated from the remaining 65 F 2 
progeny scored for chromosome-12 RFLP markers. 
A total of five RAPD polymorphisms were scored in 
the entire subpopulation of 75 F 2 s, and three indicated 
significant linkage to the hp locus (Table 1). 



Following confirmation of linkage to hp, RAPDhp-7 
was mapped as an RFLP probe in a subset of the L. 
esculentum x L. pennellii F 2 population described by 
Tanksley et al. (1992), and showed tight linkage to 
tomato chromosome 2 (Fig. 4). Twenty one RFLP 
markers spanning chromosome 2 and separated by 
5-20 cM were assayed for RFLPs, as described above, 
and 1 1 which could be easily scored (see Materials and 
methods) were mapped in the subpopulation of 188 F 2 
progeny. The results are summarized in Fig. 4 and 
show that the hp locus resides in the 6.7 ( +/— 1.3)-cM 
interval flanked by the 45s ribosomal repeat (45s) and 
the single-copy marker TG205. The co-segregating 45s 
and RAPDhp-7 loci are the closest to hp at 1.6 
( +/- 0.7) cM. The localization of RAPDhp-10 and 
RAPDhp-11 in Fig. 4 is based on the scoring of both 
markers as RAPDs rather than as RFLPs, due to their 
complex hybridization patterns. 



The hp locus resides on tomato chromosome 2 
near the 45s ribosomal repeat 

The three RAPD markers linked to the hp locus 
(Table 1) were gel-purified and cloned into the PCR- 
product cloning vector pGEMT (Promega). DNA gel- 
blot analysis of L. esculentum and L. cheesmannii 
genomic DNA, using the cloned RAPD products as 
probes, indicated that only RAPDhp-7 is single copy 
and that RAPDhp-10 and RAPDhp-11 are highly re- 
petitive (data not shown). RAPDhp-7, the marker most 
tightly linked to hp, represents a sequence which is in 
fact absent, or else highly diverged, from the L. esculen- 
tum genome (Fig. 3), and could therefore be easily 
mapped as a dominant marker in both the population 
segregating for hp (L. esculentum x L. cheesmannii) and 
the population used to assign chromosomal linkage (L. 
esculentum x L. pennellii; Tanksley et al. 1992). Scoring 
data derived from the use of RAPDhp-7 as an RFLP 
probe was identical to scoring based on RAPD analysis 
(Fig. 3). 



RAPDhp-7 
(RAPD) 



RAPDhp-7 
(RFLP) 



CT205 



ii < e 



Fig. 3 RAPD and RFLP mapping of RAPDhp-7. RAPD (top) and 
RFLP (center) segregation in a sample of F2 progeny from the cross 
L. esculentum (hp/hp) x L. cheesmannii (Hp/Hp). RFLP segregation for 
CT205, a linked chromosome-2 marker flanking the hp locus, is also 
shown (bottom). Arrows indicate fop-linked alleles, "c" and "e" refer 
to the L. cheesmannii and L. esculentum alleles of CT205, respectively 



Rec 
Frac. 



Dist 
cM 



Marker 

Id Name 



(12.2%) 12.4 

( 3.0 %) 3.0 

( 0.0 %) 0.0 

(1.6%) 1.6 

( 5.0 %) 5.1 

( 4.7 %) 4.7 

( 4.8 %) 4.8 

( 4.8 %) 4.8 

( 7.7 %) 7.7 

( 9.5 %) 9.6 



(12.6%) 12.9 
( 6.3 %) 6.4 
(12.1 %) 12.4 

(20.7%) 22.0 



(30) TG522 



(14) RAPDhp-10 

(13) 45S 

(26) RAPDhp-7 
0) hp 

(28) CT205 

(27) TG276 
(34) RAPDhp-11 
(17) CT196 
(16) TG165 

(21) TG293 



(25) TG582 
(22) CT255 

(18) TG290 



(23) TG462 



ch2 



Fig. 4 Linkage map of tomato chromosome 2 resulting from the 
analysis of F2 progeny from the cross L. esculentum (hp/hp) x L. 
cheesmannii (Hp/Hp) 
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In summary, the demonstration of tight genetic 
linkage to multiple chromosome-2 marker loci pro- 
vides strong evidence that hp is in fact located on chro- 
mosome 2 rather than chromosome 12. In addition, 
the close proximity of hp relative to the 45s ribo- 
somal repeat may make this gene a challenging target 
for isolation based on a genetic map-based cloning 
strategy. 



Analysis of flavonoid accumulation in 
normal and hp/hp fruit 

Flavonoids represent a class of related compounds, 
including flavonones, flavonols, isoflavonoids and antho- 
cyanins, which are unique to plants. All flavonoids 
share a common precursor, chalcone, which is syn- 
thesized through the stepwise condensation of acetate 
residues derived from three molecules of malonly-CoA 
and one molecule of 4-coumarly-CoA via the catalytic 
activity of chalcone synthase (Heller and Hahlbrok 
1980). Chalcone synthase gene-transcription has been 
shown to be influenced by light (reviewed in Batschauer 
et al. 1994), suggesting that flavonoid biosynthesis may 
be modified in the hp mutant. Seedling hypocotyl antho- 
cyanin accumulation has previously been shown to be 
increased several fold in hp/hp tomatoes as compared 
to nearly isogenic controls (Peters et al. 1989); however, 
data pertaining to the accumulation of additional 
flavonoids in hp/hp tomatoes has not been reported. 

Fruit from normal (Hp/Hp) and nearly isogenic mu- 
tant (hp/hp) tomatoes (cv Ailsa Craig) were tagged at 
the breaker stage (first sign of visible lycopene accumu- 
lation) and harvested 7 days later when red and fully 
ripe. Seeds and locular tissue were removed and fruits 
were combined into pools of 2-4 and frozen at — 80°C. 
Pooled frozen fruits were pulverized, and three pools 
per genotype were extracted and analyzed for 
flavonoids as described by Lee et al. (1995) using HPLC 
and purified flavonoid (quercetin, luteolin, kaempferol) 
standards. 

Significant levels of luteolin and kaempferol were not 
detected in either normal or mutant ripe fruit (data not 
shown), consistent with previous reports of tomato 
fruit-flavonoid accumulation (Crozier et al. 1997). 
However, quercetin accumulation was elevated over 
13-fold from 29.5 ppm in normal tomatos to 405.9 ppm 
in hp fruit (Fig. 5a). 



Analysis of sugar accumulation in normal 
and hp I hp fruit 

Others have reported increased chlorophyll and caro- 
tenoid concentrations in the hp/hp mutant (Baker and 
Tomes 1964; Jarret et al. 1984; Wann et al. 1985) which 
may result in altered photosynthetic activity and, in 
turn, may impact on carbohydrate metabolism and 
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Fig. 5a, b Analysis of flavonoid and sugar concentrations in normal 
and mutant fruit, (a) Quercetin concentration in the tomato pericarp 
of nearly isogenic Ailsa Craig Hp/Hp and hp/hp fruit, (b) Sugar 
concentrations in the tomato pericarp of nearly isogenic Ailsa Craig 
Hp I Hp and hp /hp fruit 



ultimate fruit quality. To test this hypothesis, normal 
and mutant red ripe tomato fruit (breaker + 7 days) 
were analyzed for the accumulation of glucose, fruc- 
tose, and sucrose. Figure 5b shows that a dramatic shift 
in sucrose accumulation is correlated with homozygos- 
ity for the mutant allele at the hp locus. The shift in 
sugar accumulation in the hp mutant appears to be at 
the expense of glucose and fructose in that the magni- 
tude of decrease for both is similar to the level of 
sucrose accumulation (Fig. 5b). 



The hp mutation results in an increase in 

the plastome/nuclear genome DNA-content ratio 

The increased pigment accumulation in hp/hp plants is 
most likely due to one of the following; (1) an increase 
in plastid number, (2) an increase in pigment concentra- 
tion per plastid, (3) a combination of the two. In an 
attempt to elucidate the mechanism through which the 
hp mutation influences the concentration of photo- 
synthetic pigments, normal and mutant tomato seed- 
lings were germinated for 7 days in the dark followed 
by 7 days in light. Genomic and organellar DNA were 
co-isolated from four sets each of normal and mutant 
hypocotyls via an extraction technique that does not 
include nuclei enrichment (Fulton et al. 1995). Total 
DNA was digested with EcoKl, separated by agarose-gel 
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electrophoresis, and blotted to nylon membranes prior 
to simultaneous hybridization with a single-copy 
genomic DNA probe (TG503; Tanksley et al. 1992) and 
a sequence derived from a non-coding region of the 
plastid genome (Havey 1995). Hypocotyls were chosen 
as they display the clearest of the hp phenotypes (Fig. 1) 
and were thus hypothesized most likely to show any 
differences in plastid number and/or organellar DNA 
content. 

Figure 6a shows hybridization to one restriction 
fragment corresponding to the genomic DNA probe 
(G), and hybridization to two restriction fragments 
corresponding to the plastid DNA probe (CI, C2), in 
both the normal and mutant DNAs. Densitomitry was 
performed on all bands, and ratios of plastid/genomic 
probe signal intensity within lanes were calculated as 
an indirect method for calculating the relative amounts 
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Fig. 6a, b Ratio of plastome to genomic DNA in Hp/ Hp and hp/ hp 
hypocotyls. (a) DNA gel-blot analysis of four individual Ailsa Craig 
Hp / Hp and hp /hp plants whose combined genomic and organellar 
DNA was EcoKl -digested and simultaneously probed with a single- 
copy genomic probe (TG503) and a plastid probe (Havey et al. 1995). 
"G" is the signal resulting from genomic probe hybridization, while 
"C7" and "C2" result from hybridization to the plastid probe, 
(b) Mean C2/G signal intensity as determined by densitomitry of the 
film shown in (a) 



of plastome versus genomic DNA. Mean ratios result- 
ing from a comparison of bands C2 and G are shown in 
Fig. 6b. Similar results were obtained comparing CI 
and G (data not shown). 

In summary, hypocotyls sectioned from seedlings 
which were homozygous for the mutant hp allele had 
approximately five-fold higher plastome to genome ra- 
tios as compared to identical tissue extracted from 
nearly isogenic normal seedlings. This result suggests 
that the hp locus is likely to be involved in the regula- 
tion of plastome, and possibly plastid, copy number. 



Discussion 

The tomato hp mutation has been exploited as a genetic 
tool to both manipulate fruit quality (Darby 1978) and 
study light signal-transduction in plants (reviewed in 
Koorneef and Kendrick 1994). We report high-resolu- 
tion genetic mapping of the hp locus resulting in its 
placement near the 45s rDNA locus of tomato chromo- 
some 2. In addition, more extensive phenotypic analy- 
sis of normal and nearly isogenic mutant tomato fruit 
suggests that the hp locus influences aspects of carbo- 
hydrate and flavonoid metabolism not previously re- 
ported. Finally, our observation of increased plastome/ 
genomic DNA ratios in the hp/hp mutant suggests 
a possible explanation through which the high-pigment 
phenotype may be achieved. 



Identification of DNA marker loci tightly linked to hp 

The hp seedling phenotype of increased anthocyanin 
accumulation (Fig. Id) was used to score F 2 and F 3 
progeny of a cross between L. esculentum (hp/hp) and L. 
cheesmannii (Hp/Hp). Several DNA markers linked to 
the hp locus were identified by screening random 
primers against nearly isogenic normal and mutant 
DNA pools generated from this population (Fig. 2). 
Three RAPD markers (RAPDhp-7, RAPDhp-10, and 
RAPDhp-11) showed moderate-to-tight linkage to hp 
and one, RAPDhp-7 (Fig. 3), was mappable as a single- 
copy RFLP probe to chromosome 2 in the F 2 popula- 
tion of Tanksley et al. (1992). RAPDph-7 maps 1.6 cM 
from hp and was localized to chromosome 2 rather 
than chromosome 12 as previously reported (Kerr 
1979). Linkage to chromosome 2 was additionally sup- 
ported by mapping 11 chromosome-2 RFLP markers 
in an F 2 population segregating for hp (Fig. 4). As the 
most tightly linked marker, RAPDhp-7 could serve as 
a molecular tool to assist introgression of hp into 
breeding and/or production lines and could addition- 
ally be used as a starting point in a chromosome walk 
to, or insertional mutagenesis of, the hp locus. The fact 
that the L. esculentum allele of RAPDhp-7 cannot be 
detected via either PCR or DNA gel-blot hybridization 
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would require the use of either L. cheesmannii or L. 
pennellii in the development of breeding lines and for 
library construction, respectively. 

A second mutation resulting in a pleiotropic high- 
pigment phenotype similar to hp, and termed hp-2, was 
described by Soressi (1975), and has been suggested to 
be allelic with hp (Mochizuki and Kamimura 1986). 
hp-2 has recently been mapped to tomato chromosome 
1 (van Tuinen et al. 1997) which, together with our 
placement of hp on chromosome 2, confirms the hp and 
hp-2 are non-allelic. In addition, van Tuinen et al. 
(1997) mapped five tomato phytochrome genes relative 
to RFLP- and morphological-markers, only one of 
which maps to chromosome 2 (PHYE), in a region, 
however, distant from hp. This result is not surprising 
as others have previously demonstrated that the hp 
mutation is not associated with alterations in phyto- 
chrome content (Adamse et al. 1989). Consequently, the 
lack of hp linkage to known phytochrome loci is consis- 
tent with a previously suggested hypothesis in which hp 
regulates a signal-transduction event(s) donwnstream 
from phytochrome (Peters et al. 1992). 



hp influences the accumulation of flavonoids and 
sugars in ripe fruit 

Increased accumulation of /ip-seedling anthocyanin, 
leaf and fruit chlorophyll, and fruit carotenoids has 
been well documented (Barker and Tomes 1964; Jarret 
et al. 1984; Wann et al. 1985; Peters et al. 1992) and are 
readily apparent upon visual inspection (Fig. 1). In- 
creased chlorophyll content and anthocyanin accumu- 
lation led us to hypothesize that related compounds 
may also be influenced by the hp locus. To gain insight 
regarding the effect of hp on flavonoid biosynthesis, 
flavonoids were extracted from identically aged ripe 
fruit harvested from normal and nearly isogenic mutant 
tomatoes. In summary, HPLC analysis of fruit 
flavonoids indicated a 13-fold increase in quercetin 
concentration (Fig. 5a) with little effect on additional 
flavonoids (data not shown). The relative increase in 
hp/hp fruit quercetin accumulation is similar to the 
relative increase in hypocotyl anthocyanin accumula- 
tion of 8-10 fold reported previously (Adamse et al. 
1989; Peters et al. 1989). The fact that both anthocyanin 
and quercetin are elevated in hp/hp tissues suggests that 
the hp locus is likely to regulate a step(s) of general 
phenylpropanoid biosynthesis and/or the initial step of 
committed flavonoid biosynthesis (chalcone synthase) 
ultimately responsible for the creation of naringenin 
chalcone, and common precursor of both molecules 
(Hahlbrock and Scheel 1989). Goud et al. (1991) dem- 
onstrated that phenylalnine ammonia lyase (PAL) ac- 
tivity is elevated approximately 3-fold in hypocotyls of 
hp/hp seedlings as compared to normal controls, and 
thus may provide at least a partial explanation for 
increased flavonoid accumulation in hp/hp tomatoes. 



The elevation of levels of photosynthetic pigments in 
the hp mutant were postulated to possibly influence 
carbohydrate composition, possibly also relating to 
changes in fruit-quality parameters. Sugars were ex- 
tracted from red ripe normal and nearly isogenic hp/hp 
tomato fruit of identical age and quantitated via 
HPLC. hp fruit demonstrated a significant accumula- 
tion of sucrose as compared to normal controls 
(Fig. 5b). Additionally, sucrose accumulation appeared 
to occur at the expense of the two predominant sugars 
normally found in L. esculentum tomato fruit, glucose 
and fructose. While we did not analyze enzyme activ- 
ities associated with sucrose metabolism, Wann et al. 
(1985) reported slightly higher invertase activity in tom- 
ato fruit homozygous for hp, in contrast to what might 
be expected based on the observations reported here. 

Nevertheless, the fact that hp tomato fruits are sub- 
stantially altered in their sugar accumulation profiles as 
compared to normal controls suggests the potential for 
the utilization of the hp allele for modification of fruit 
quality. In addition, the antioxidant-flavonoid quer- 
cetin has been reported to inhibit cancer tumor forma- 
tion in laboratory animals (Verma et al. 1988; National 
Research Council 1989) suggesting additional fruit- 
quality enhancement which may be achieved through 
the introduction of the hp allele into commercial 
tomato varieties. 



hp regulates the ratio of plastome to genomic DNA 

It is well known that both the plastid number per cell 
and the number of plastid genomes (plastomes) per 
plastid can vary significantly both in different tissues 
and among developmental stages of plants (reviewed in 
Dale 1988; Mullett 1988). In addition, regulation of 
plastome-encoded gene expression is influenced by 
light and can occur at least in part via modification of 
plastome copy number (Sasaki et al. 1984; Baumgar- 
tner et al. 1989; Gruissem and Tonkyn 1993). To ad- 
dress whether the increase in chlorophyll, carotenoids 
and flavonoids, associated with the hp allele, is corre- 
lated with general effects of the hp locus on plastid or 
plastome copy number, comparative DNA gel-blot 
analysis was performed using genomic and plastome - 
derived sequences. 

Hypocotyls from hp/hp seedlings demonstrated an 
increase of approximately 5-fold in plastome DNA 
relative to genomic-DNA concentration. This result 
suggests a function for the normal HP gene product in 
modulating plastome copy number in response to light. 
Preliminary analysis of plastid copy number in tomato 
hypocotyls suggested an increase in plastid number; 
however, this increase did not account for the 5-fold 
increase in plastome DNA (J. Vrebalov and J. Giovan- 
noni, unpublished). 

As suggested by others (Adamse et al. 1989; Peters 
et al. 1992), and supported by our observations of 
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increased flavonoid accumulation and plastome copy 
number, HP function is consistent with negative regu- 
lation of light signal-transduction in tomato. Con- 
tinued characterization of the hp and hp-2 phenotypes 
both separately and as double mutants, in addition to 
eventual isolation and sequencing of their respective 
normal and mutant alleles, will provide greater insights 
into the roles of hp genes in the regulation of light 
signal-transduction in tomato, and will additionally 
permit a comparison of tomato light signal-transduc- 
tion components to the more extensively characterized 
A. thaliana light signal-transduction system. 
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